Precise protein folding is essential for the survival of all cells, and protein misfolding causes a number of diseases that lack effective therapies, yet the general principles governing protein folding in the cell remain poorly understood. In vivo, folding can begin cotranslationally and protein quality control at the ribosome is essential for cellular proteostasis. We directly characterize and compare the refolding and cotranslational folding trajectories of the protein HaloTag. We introduce new techniques for both measuring folding kinetics and detecting the conformations of partially folded intermediates during translation in real time. We find that, although translation does not affect the rate-limiting step of HaloTag folding, a key aggregation-prone intermediate observed during in vitro refolding experiments is no longer detectable. This rerouting of the folding pathway increases HaloTag's folding efficiency and may serve as a general chaperone-independent mechanism of quality control by the ribosome.
INTRODUCTION
Biophysical characterization of protein energy landscapes has provided key insights into the mechanisms of protein folding and misfolding, design, and structure prediction. These in vitro studies, however, often fail to recapitulate the folding process in vivo (1, 2) . In the cell, the ribosome synthesizes proteins one amino acid at a time, and the translational machinery is a major hub for protein quality control (3, 4) . During translation, the nascent chain has the opportunity to explore regions of the energy landscape in the absence of the protein's entire sequence. Therefore, cotranslational folding is fundamentally different from typical refolding experiments, where the full-length protein is denatured and then allowed to refold (5) . Cotranslational folding has thus become a highly active area of research (6) (7) (8) (9) (10) and has revealed insights into the mechanisms of protein-misfolding diseases (11) .
Recent studies on stalled ribosome-nascent chain complexes (RNCs) have illuminated some of the features that guide cotranslational protein folding, that is, effects due to the tethering and proximity of the ribosome (12) (13) (14) (15) . These elegant studies, however, fail to recapitulate the dynamic process of translation; isolated, stalled RNCs are not sufficient for understanding the interplay between translation and protein folding. The importance of cotranslational folding is highlighted by biochemical studies, which have demonstrated that concurrent translation can increase the fidelity of protein folding and quaternary structure formation (16) (17) (18) (19) (20) (21) . Small changes in protein folding efficiency (the fraction of produced protein that folds to its native state) can have marked effectsthey can overwhelm the cellular proteostasis machinery and lead to protein-misfolding diseases (4, 22) . Thus, proper cotranslational folding is essential for maintaining cellular and organismal proteostasis. The structural details for the folding process, however, have only been characterized during in vitro refolding where the protein is refolded via dilution from a chemically or thermally denatured state. To understand how translation modulates protein folding, a direct comparison of the cotranslational and refolding trajectories is essential. However, we lack the high-resolution tools needed to monitor cotranslational folding.
Here, we determine the structural basis by which cotranslational folding increases the folding efficiency of the protein HaloTag and present new techniques to directly compare the structural and energetic differences between a protein's cotranslational and standard refolding trajectories. We find that translation inhibits formation of a folding intermediate without changing the observed rate of overall folding, providing a general, chaperone-independent mechanism for increasing folding efficiency in vivo.
RESULTS

HaloTag refolding can be monitored by fluorescence polarization
HaloTag is a modified haloalkane dehalogenase commonly used as a tool for in vivo imaging ( , then we reasoned that the amount of protein-bound ligand in a folding experiment would be a direct measurement of folded HaloTag at any specific time.
We monitored refolding of HaloTag in the presence of a free TMRfunctionalized ligand using fluorescence polarization (FP). FP reports on the relative tumbling time of the fluorophore and thus is related to its apparent molecular weight. Rapid dilution of unfolded HaloTag into folding conditions (for example, 8 to 0.8 M urea), results in single exponential kinetics (k obs = 4.7 ± 0.9 × 10 −4 s −1 at a final urea concentration of 0.8 M urea; Fig. 1 ). Linear extrapolation of the natural log of the folding rate, ln(k obs ), as a function of the final urea concentration (24) yields a folding rate in the absence of a denaturant (k f,H2O,FP = 4.8 ± 0.6 × 10
) that is >10,000 times slower than ligand binding (Table 1 ) and similar to the folding rate determined by circular dichroism (CD; see below). Thus, changes in FP are measures of HaloTag folding.
Cotranslational folding can be monitored by FP To monitor cotranslational folding in real time, we harnessed the same methodology, following FP, during in vitro translation. We initiated the IVT (in vitro transcription and translation) reaction directly in the fluorimeter by adding DNA encoding HaloTag to the coupled IVT system, PURExpress (New England Biolabs). Figure 1D reveals biphasic kinetics: a lag phase and an exponential phase. The observed kinetics S1 ). Elongation rate as a function of time is shown (inset). aa, amino acid. are independent of the TMR-ligand concentration and are specific to the HaloTag gene ( fig. S1 and table S1). To confirm that the changes in TMR polarization monitor cotranslational folding and not protein synthesis, we independently determined the time dependence of protein production using a gel-based assay (Fig. 1D) (25) . The observed kinetics of protein synthesis are also biphasic but with a lag phase significantly shorter than that observed by FP. In addition, we observed an exponential increase in FP signal even after the addition of the translation inhibitor neomycin, confirming that the change in FP reports on HaloTag folding and is not translation-limited (see fig. S1 ).
Analysis of translation and folding kinetics
These data were analyzed with a kinetic model to account for the asynchronous nature of both protein synthesis and protein folding (see Materials and Methods). The protein synthesis data were analyzed to determine the translation lag phase (251 ± 35 s), which represents the time to synthesize detectable protein levels, and the time-dependent translation rate. The average translation rate,~1 aa s −1 , is similar to translation rates determined for other in vitro systems (26, 27) . To determine the cotranslational folding rate, we augmented this model to include a protein-folding component. The lag time observed for the change in polarization is fourfold larger than that observed for protein synthesis, 811 ± 9 s versus 251 ± 35 s, respectively. The resulting cotranslational folding rate is thus 4.42 ± 0.02 × 10
, similar to that obtained in the absence of translation (Table 1) .
Refolding studies of HaloTag
We then characterized the stability and refolding of HaloTag using recombinant, purified protein ( Fig. 2 and Table 1 ). Folding kinetics, determined by CD, fit to two exponential phases: a fast-folding phase and a urea-independent slow phase (Fig. 2, A to C) . The slow phase, as measured by CD, corresponds to the refolding rate determined by FP (Table 1) . Often, urea-independent folding is attributed to a cis-trans proline isomerization. However, both refolding and cotranslational folding in the presence of the proline isomerase cyclophilin A (CypA) revealed no effect, which suggests that this may not be due to proline isomerization ( fig. S2 , Tables 1, and table S3) . Surprisingly, refolding to below 1.0 M urea resulted in visible precipitation and protein aggregation ( Fig. 2 and fig. S3 ), although no aggregation was observed in the above cotranslational folding experiments that take place at 0 M urea. Aggregation occurred after an initial decrease in CD signal with a rate similar to the fast refolding phase observed in nonaggregating conditions. Using centrifugation, we determined the fraction of soluble protein to be 0.70 ± 0.06 under these conditions (Fig. 3A) .
HaloTag cotranslational folding is more efficient than refolding
To compare the efficiencies of refolding and cotranslational folding, that is, the fraction of protein that reaches the native state, we used pulse proteolysis (28), a gel-based method for measuring the amount of folded protein (Fig. 3) . Purified HaloTag incubated in 0.8 M urea is completely folded when evaluated by pulse proteolysis, but when refolded by dilution from 8.0 to 0.8 M urea, the efficiency is only 0.73 ± 0.03, consistent with that determined by centrifugation above. By contrast, cotranslational folding is significantly more efficient than refolding: 0.91 ± 0.03 versus 0.73 ± 0.03 (P < 0.01, Student's unpaired t test; n > 12; Fig. 3 and table S2). Note that IVT reactions are carried out at a higher protein concentration than the less-efficient refolding studies (>5 and 3 mM, respectively; see fig. S1 and Materials and Methods). To rule out any possible chemical differences between in vitro-translated protein and recombinant protein, we measured the refolding efficiency of IVT protein and determined it to be similar to that of purified protein: 0.69 ± 0.06 versus 0.70 ± 0.06, respectively ( Fig. 3) . Why is cotranslational folding significantly more efficient than refolding? How does translation alter the folding pathway of HaloTag?
Structural characterization of the in vitro refolding pathway using HX-MS To compare the refolding and cotranslational folding pathways of HaloTag, we first used pulse-labeling hydrogen-deuterium exchange coupled with proteolysis and mass spectrometry (HX-MS) to obtain structural information about the conformations formed during HaloTag refolding (29, 30) . We applied pulses of hydrogen exchange at various 
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refolding times, and monitored the mass of individual peptides as a function of refolding time. Changes in mass are a measure of backbone amide accessibility at that particular refolding time. Figure 4A shows the fraction deuterated for each peptide after 10 s of refolding and reveals two populations: those that are at least 25% deuterated by 10 s ("fast," red) and those that are not ("slow," blue). Plotting the mean-normalized fraction deuterated for both slow and fast peptides further highlights that these two groups of peptides have distinct behaviors throughout the folding trajectory (Fig. 4B ). On average, fast peptides are more deuterated at all time points analyzed than slow peptides. Data for all peptides used in this analysis are available in table S4. These data, together with the biphasic CD kinetics (Fig. 2) , suggest that the early protection is a result of the formation of a fast-folding intermediate. The early phase corresponds to protection of peptides comprising the Rossman-fold core of the protein, while the entire lid domain and b-strand 8 are protected more slowly (Fig. 4C) . It is possible that the formation of this intermediate is directly responsible for HaloTag's aggregation. For instance, helix B and b-strand 4 remain unprotected, despite the fact they both make critical contacts with the rest of the Rossman fold (b-strands 1 and 2 and helix C; Fig. 4C ). This likely results in a large, exposed hydrophobic surface. Thus, during the early steps of folding, not only is the lid domain completely unprotected but there is also a large exposed hydrophobic surface. Moreover, because this intermediate is comprised of residues distant in sequence space, it is possible that cotranslational folding does not involve formation of this intermediate.
Comparison of the HaloTag refolding and cotranslational folding trajectories using pulsed cysteine labeling Unfortunately, the above HX-MS studies are currently not feasible for investigating cotranslational folding. Therefore, to determine whether HaloTag populates the same folding intermediate during cotranslational folding and refolding, we designed specific thiol probes based on the above HX-MS data. Labeling of reactive cysteines has been used successfully in the past on stalled RNCs (7). We monitored thiol accessibility during both refolding and cotranslational folding using a fluorescein-conjugated maleimide (FSM), detected by in-gel fluorescence. Both of HaloTag's native cysteines, positioned at the base of two b-strands, b4 and b8, are completely protected in the folded state and accessible in the unfolded state (modified within 30 s; see fig. S4 ). One of these, Cys
262
, is in the region we anticipate to be structured in the intermediate, and the other, Cys 61 , is not. Pulsed thiol labeling during refolding of the wild-type (WT) protein showed two phases with similar rates to those obtained by CD. By contrast, pulsed thiol labeling during cotranslational folding resulted in only a single exponential indistinguishable from HaloTag's slow folding rate during refolding ( Fig. 4D and Table 1) .
We then created three site-specific cysteine variants to probe the very early stages of folding (E121C, I126C, and M129C) in an otherwise cysteine-free background (Halo*). Residues 126 and 129 are both buried side chains on b6, and during refolding, both are protected within the burst phase of the experiment (Fig. 4, E and F) . E121C is on the surface of HaloTag and remains unprotected throughout the folding reaction (Fig. 4G) . All three variants bind TMR and display similar folding kinetics as WT HaloTag (fig. S5) . In contrast to the previous refolding experiments, during in vitro translation, sites 126 and 129 are not protected early but rather show slow protection corresponding to the overall folding rate of the protein (Fig. 4D) . Thus, the folding pathway of HaloTag is altered during translation.
DISCUSSION
Together, our results suggest that the HaloTag refolding intermediate, which is likely the precursor for aggregation, is not populated during translation-coupled folding. This change in the folding trajectory is likely responsible for HaloTag's increased cotranslational folding efficiency. Moreover, this model also provides an explanation for the recent report that the mutation K73T, located within the structured region of the refolding intermediate, leads to increased HaloTag aggregation (31) . The specific cysteines characterized here, however, do not yield further insight into other potential intermediates that may form during translation. The overall rate of folding is not changed during cotranslational folding, and thus, the rate-limiting step for folding does not appear to require the formation of this specific intermediate.
Intermediates in protein folding can play both positive and negative roles. Intermediates are often beneficial to the folding process by narrowing conformational space, while access to transient intermediates is also a major determinant for the formation of toxic aggregates associated with disease (32, 33) . Previous studies have suggested that formation of translation-specific intermediates may help to guide the folding process; our data support the hypothesis that destabilization of potentially toxic or off-pathway intermediates that form during translation are also advantageous (12, 34, 35) . Thus, we have determined an additional mechanism by which translation helps to avoid aggregation of the emerging protein.
Our findings highlight the interplay between the rates of translation and folding (36) (37) (38) . For instance, the relatively slow rate of translation in our IVT setup may aid in increasing HaloTag folding efficiency. Using the methods described here, it will now be possible to measure how folding efficiency and folding trajectories are modulated by the rate of translation.
HaloTag is ideally suited for these kinds of studies. HaloTag folding can be monitored by FP, thus folding experiments can be performed with high throughput and in the presence of many other biologically active molecules including during IVT. This is a powerful system to systematically investigate how the translational and quality control machinery modulates protein folding. These types of unbiased approaches will lead to the discovery of general and quantitative rules that govern not only protein folding during translation but also protein folding in other high-complexity environments.
MATERIALS AND METHODS
Protein expression and purification
Protein expression BL21(DE3) cells were transformed with expression vectors containing the WT or mutant HaloTag cDNA. Single colonies were used to seed starter cultures grown overnight to saturation. Large-scale cultures were inoculated with 5 ml of overnight culture, grown at 37°C to an optical density at 600 nm of 0.6 to 0.8 and induced with 1 mM isopropyl-b-D-thiogalactopyranoside for 2 to 3 hours at 37°C. After induction, cultures were pelleted at 5000g for 10 min at 4°C, flash-frozen, and stored at −80°C. Purification Cell pellets were resuspended in 10 mM tris/H 2 SO 4 (pH 7.5) and 1 mM tris(2-carboxyethyl)phosphine hydrochloride (TCEP; lysis buffer) and lysed by sonication on ice. Lysates were cleared by centrifugation for 30 min at 20,000g at 4°C and subsequently filtered through 0.2-mm filters. After clearing, the lysate was dialyzed into at least a 10-fold volume excess of lysis buffer, loaded onto a HiPrep Q XL 16/10 column equilibrated with lysis buffer, and eluted with a gradient of lysis buffer plus 0 to 600 mM NaCl. Fractions containing the HaloTag protein were dialyzed into at least a 10-fold volume excess of 20 mM sodium acetate (pH 5.0; Q buffer) loaded onto a HiPrep Q XL16/10 column equilibrated with Q buffer and eluted with a gradient of Q buffer plus 0 to 800 mM NaCl. Fractions containing HaloTag protein were then concentrated and purified on a HiLoad 16/600 Superdex 75 pg column equilibrated with 50 mM ammonium bicarbonate or 25 mM Hepes KOH (pH 7.5), 15 mM MgOAc, 150 mM KCl, and 0.1 mM TCEP (HKMT), and the fractions with the retention volume corresponding to the size of monomeric HaloTag were either lyophilized (ammonium bicarbonate runs) and subsequently stored at −80°C or concentrated and immediately used for experiments (HKMT runs). All lyophilized protein was resuspended in HKMT and spun-filtered at 4°C before use in experiments.
Fluorescence polarization Data collection
All experiments were performed at 37°C unless otherwise noted. FP was performed on a BioTek Synergy Neo2 plate reader in 384-well, black flat-bottom plates for IVT reactions (Corning) or 96-well, clear flat-bottom plates (refolding experiments). Acquisitions were collected using polarizers and 530-nm/590-nm filters with a side gain set at 45 and a top gain set at 40. Read height was 7.5 mm, and 10 measurements were made per data point. After a 15-min incubation at 37°C, readings were initialized by the addition of DNA (IVT reactions) or unfolded protein (refolding experiments). Measurements were taken every 20 s for 5 hours after 30 s of mixing and a 90-s delay for temperature equilibration. IVT reactions IVT reactions using a PURExpress system were set up on ice per the manufacturer's protocols for a 30-ml reaction with the addition of 1 ml of ribonuclease (RNase) inhibitior, murine, and 1 ml of 300 mM TMR [in 100% anhydrous dimethyl sulfoxide (DMSO), for a final TMR concentration of 10 mM] and pipetted into wells. Plates were covered with clear titer tops to prevent evaporation and equilibrated at 37°C for at least 15 min. Reactions were initiated with 2 ml of plasmid DNA (125 ng/ml).
Refolding experiments
Refolding experiments were performed in HKMT buffer plus appropriate concentrations of urea and TMR (to a final concentration of 5 mM TMR and 3.33% DMSO). Plates were sealed and incubated at 37°C for 15 min until reactions were initiated by adding 10 ml of 20 mM HaloTag in 8 M urea that had been incubated at 37°C for at least 12 hours. Refolding traces were fit to the following equation in Matlab, using bisquare fitting and "k" bounded at zero
Urea concentrations were measured using a refractometer as previously described (28) .
Circular dichroism
Kinetic and equilibrium experiments were performed using a 0.5-cm cuvette at 37°C with constant stirring at 3 mM (0.1 mg/ml) in HKMT buffer. Equilibrium and kinetic experiments were performed as previously described (39) but at a wavelength of 225 nm instead of 222 nm to increase the signal-to-noise ratio. Analysis was performed as described (39) . Wavelength experiments were performed in a 0.1-cm cuvette at 37°C with 15 mM protein (~0.5 mg/ml) in HKMT buffer.
Determination of folding efficiency
All reactions were performed at 37°C at a final concentration of 3 mM protein in HKMT buffer unless otherwise noted.
Centrifugation assay
Proteins were refolded by the dilution of protein in 8 M urea to the proper urea concentration and allowed to reach equilibrium for at least 12 hours. Samples were then centrifuged at 21,130g for 30 min, and the supernatant was carefully removed. The pellet was resuspended in an equal volume of 8 M urea. Both the supernatant and pellet were then mixed with a 6× SDS-polyacrylamide gel electrophoresis (PAGE) loading dye and run on a 4 to 12% bis-tris gel in an MES run buffer and subsequently stained with SYPRO Red for 30 min in 10% acetic acid. After destaining in 10% acetic acid for an hour, gels were imaged using a Typhoon Trio (GE Healthcare) and analyzed with ImageJ. Pulse proteolysis IVT reactions were performed as per the manufacturer's instructions but with the addition of 1 ml of RNase inhibitor, murine, and 1.25 ml of FluoroTect GreenLys (Promega) per 30 ml of IVT reaction (25) . IVT reactions were quenched after 1 hour to a final concentration of 2 mM chloramphenicol and RNase A (0.1 mg/ml). Refolding experiments were performed as described above. IVT reactions and refolding reactions were allowed to reach equilibrium for at least 12 hours. Subsequently, reactions were aliquoted to 10 ml, and 1 ml of thermolysin (1 mg/ml; Sigma) was added to each reaction for 1 min and quenched with EDTA to a final concentration of 83 mM. SDS-PAGE loading dye was then added to each reaction, and each reaction was run on a 4 to 12% bis-tris gel in an MES run buffer. Imaging and analysis was performed as described previously (28) .
Refolding of IVT-translated protein IVT reactions were performed and quenched as described above. A 10-fold volume excess of 8 M urea in HKMT buffer was then added and mixed with the IVT translation reaction and allowed to equilibrate at 37°C overnight. Reactions were then concentrated in a 0.5-ml 10-kDa cutoff spin concentrator (Amicon) and diluted to 0.8 M urea. After equilibration at 37°C overnight, pulse proteolysis was performed and analyzed as described above.
Translation rate measurement IVT reactions were performed as per the manufacturer's instructions but with the addition of 1 ml of RNase inhibitor, murine, and 1.25 ml of FluoroTect GreenLys (Promega) per 30 ml of IVT reaction and initiated with 250 ng of DNA. At each time point, 1.5 ml of IVT reaction was quenched into a final concentration of 2 mM chloramphenicol and RNase A (0.1 mg/ml) and then SDS-PAGE loading dye. Reactions were then run on a 4 to 12% bis-tris gel in an MES run buffer and imaged using a Typhoon Trio. Analysis was performed using ImageJ.
Cysteine protection assays Purified protein
Refolding reactions were initiated as described above. At each time point, a 50-fold molar excess of FSM was added for 30 s and quenched into an equal volume of SDS-PAGE loading dye containing b-mercaptoethanol (BME) to a final BME concentration of 2.15 M. Reactions were then run on 4 to 12% bis-tris gel in an MES run buffer and imaged using a Typhoon Trio. Analysis was performed using ImageJ. Traces were fit to the following equation in Matlab, using bi-square fitting and "k" bounded at zero (for those data which displayed exponential kinetics)
Because folded Halo**E121C cysteine reactivity is time-dependent over the labeling time of the reaction, intensities after refolding was initiated were normalized to the reactivity at that labeling time as determined in fig. S7 . IVT reactions IVT reactions were initiated as described above. At each time point, an equal volume of 2 mM FSM was mixed with IVT reaction for 30 s and quenched into SDS-PAGE loading dye as above. At 45 min, reactions were halted by the addition of chloramphenicol to a final concentration of 2 mM. Reactions were then run on a 4 to 12% bis-tris gel in an MES run buffer and imaged using a Typhoon Trio. A sample of purified, TMR-bound HaloTag was run to determine the size of the Halo-FSM band marked with an "*" in Fig. 6 (A to D) . Analysis was performed using ImageJ. Intensities were normalized to a major protein product running at~65 kDa to control for effects of evaporation, fluorescein bleaching, and gel loading. Traces were fit to the following equation in Matlab after exclusion of points before 45 min, using bi-square fitting and "k" bounded at zero
Pulsed labeling HX-MS Pulse-labeling scheme The HX-MS pulsed labeling experiments were based on previously described approaches (29, 30) . Deuterated protein was prepared by lyophilizing unfolded HaloTag in 8 M urea followed by resuspension in D 2 O, repeated four times. Refolding experiments were carried out using a BioLogic QFM-4 apparatus in interrupted flow mode. To initiate refolding, we diluted deuterated protein in 8 M urea [deuterated HKMT buffer (pD read 7.9), 10°C] with 10 volumes of deuterated HKMT to a final urea concentration of 1.6 M. After a variable delay time (refolding time), D-to-H exchange at still-exposed sites was induced by a high-pH pulse of protonated buffer (200 mM glycine; 10 ms; 5 volumes; final pH, 10.00). Because of the large volume changes, the final solution is only 31% protonated. The pulse was quenched by dilution with a low-pH buffer (1 M glycine; 5 volumes; final pH, 2.00) to slow any further exchange. Protein samples were then collected and injected into a custom liquid chromatography-mass spectrometry (LC/MS) system. A folded control sample was prepared by subjecting deuterated, native protein to the same pulse/quench sequence, and an unfolded control was measured by performing the pulse/quench using fully deuterated, unfolded protein.
LC/MS system
A custom high-performance liquid chromatography system was used for in-line protease digestion, desalting, and separation of peptides. Peptides were eluted from the trap column and separated on an analytical C8 column using an acetonitrile gradient (5 to 90% acetonitrile) at 17 ml/min. The output of this system was directly injected into a Thermo Scientific LTQ Orbitrap Discovery using electrospray ionization.
Data analysis of HX-MS pulsed labeling
Peptides were identified using a SEQUEST search using a Proteome Discoverer 2.0 software. Peptide mass envelopes were fit using HDExaminer (Sierra Analytics) followed by a manual confirmation of each peptide. Deuterium content was assessed by examination of the centroid of each fitted peptide mass envelope. Only peptides with a high signal-to-noise ratio at each time point were used for further analysis. For each peptide at each time point, the fraction deuterated was determined by comparison to the folded and unfolded control samples.
Kinetic modeling of translation and folding
Model for protein production in an IVT experiment To derive a chemical kinetic expression for the amount of protein produced as a function of time, we note that the rate of protein synthesis is the rate at which L amino acids link together covalently to create a protein P. Thus, the simplest reaction scheme for this process is
L→P ð1Þ
This reaction occurs with some rate k, which is a function of many processes including translation-initiation, translation-elongation, and 
We fit the experimentally measured protein production curve using Eq. 6 and extracted the overall rate of protein synthesis k and time lag t 0 .
Translation speed
We estimated the average translation speed based on the method described in the study of Capece et al. (40) . We calculated the rate of protein production J(t) by taking the derivative of Eq. 6
JðtÞ ¼ ½P max ke
ÀkðtÀt0Þ ð7Þ
Next, we normalized this quantity with the ribosome concentration (that is, 0.45 mM), which we denote as J(t). Here, J(t) is the rate of protein production from a single ribosome. On average, then, 1/J(t) is the time required to synthesize a protein molecule, and a ribosome goes through a round of initiation, elongation, termination, and recycling during this time. Thus, 1/J(t) is an upper bound on the gene translation time, and if elongation is the rate-limiting step, then J(t)L is an estimate of the average codon translation rate. Analytical derivation for the fraction of folded protein To derive an expression for the probability of protein folding in an IVT experiment, we assume that the protein is released in the unfolded state. Unfolded proteins fold posttranslationally with rate k F , and the backward transition occurs with rate k U . In this situation, the following kF þkU is the concentration of folded protein at t → ∞. We used Eq. 11 to fit the experimentally measured folding probability ½FðtÞ ½Fmax and extract the numerical value of k F , assuming k U = 0.
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